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Abstract: Two types of aerogel silica, denoted as SiO2- A(or B)G are synthesized with either solvent
substitution (A) or solvent substitution-surface modification (B) under atmospheric conditions. Aerogel silica-
supported Ni catalysts are then prepared via impregnated (IM) and polyvinylpyrrolidone (PVP)-added IM
methods, and their performances for the partial oxidation of methane (POM) are investigated. The similar initial
catalytic performances (activity and selectivity) are observed over the different Ni/SiO2 catalysts. With respect
to POM stability, Ni/SiO2-BG is significantly worse than Ni/SiO2-AG, while catalysts with PVP addition (during
preparation) exhibit a significant improvement. In this case, Ni/SiO2-BG-PVP is comparable to Ni/SiO2-AG-PVP.
We characterize the catalysts with X-ray diffraction (XRD), temperature-programmed hydrogen reduction (H2-
TPR), transmission electron microscopy (TEM), and Brunauer-Emmett-Teller (BET) analysis. We find that there
are hydroxyls on the SiO2-AG surface that favor their interaction with hydrophilic metal species, while on the
SiO2-BG surface there are organic groups that do not interact with hydrophilic metal species. In addition, with
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the help of PVP, metal species can access the deep pores of hydrophilic/hydrophobic silica gels. Then, the
contraction of the silica framework and the growth of metal particles are inhibited during calcinations, enhancing
interactions between Ni and the silica gels. These (benefits from surface hydroxyls and PVP) result in significant
improvements in the catalysts with respect to POM stability.






















制. 为了克服 SiO2负载Ni催化剂在 POM反应中存






















摩尔比 1.00:8.00:6.23×10 − 5:3.75混合, 搅拌 15 min,
室温下密封水解12 h; (2)缓慢加入H2O与NH4OH摩
尔比为 2.25×10−2的氨水,凝胶出现、成形; (3) 50 °C
下浸泡于乙醇中老化1 h,置于正己烷中进行溶剂置
换 24 h (多次更换溶剂), 将凝胶分为A、B两部分;
(4) A部分50 °C下烘干,得SiO2凝胶SiO2-AG (常压
有机溶剂置换); (5) B部分置于含表面改性剂六甲
基二硅胺烷的正己烷溶液中24 h,以正己烷多次洗




中溶解, 加入一定量的 SiO2-AG (SiO2-BG), 室温下
等体积浸渍 12 h, 50 °C下烘箱干燥 10 h,置于马弗
炉中以 1 °C∙min−1速率升温至 700 °C焙烧 2 h, 过




1加入 PVP, 超声 0.5 h后, 加入一定量的 SiO2-AG
(BG),室温下等体积浸渍12 h, 50 °C下烘箱干燥10
h,置于马弗炉中以1 °C∙min−1速率升温至700 °C焙






pert PRO X射线衍射仪(Cu Kα射线(λ=0.15406 nm),
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XʹCelerator超能列阵检测器, 管电压 40 kV, 管电流






混合气, 实验温度范围为 100−900 °C, 升温速率为
10 °C∙min−1,以上海海欣GC-950气相色谱仪在线分
析检测H2的消耗量.




itics Tristar 3020物理吸附仪上进行, 300 °C下对样





在 950 °C下焙烧2 h,并再次称重,该样品与 110 °C
下烘干样品的重量差即为失水量. 由样品的重量





W (sample)×A × 1018







































724.8 m2∙g −1; SiO2-BG: 780.5 m2∙g −1), 远高于商用






表1 样品的比表面积(ABET)、孔性质(volume, aperture)、表面羟基密度(NOH)和POM反应前后Ni的粒径(DAV, XRD, DAV, TEM)
Table 1 Specific surface areas (ABET) and pore properties (volume, aperture) of samples and the surface hydroxyl density
(NOH), and the size of Ni particles (DAV, XRD, DAV, TEM) before and after POM reaction































































































的不同 Ni/SiO2催化剂的 XRD谱图. 可以看出, 除
22.4°归属于SiO2的特征峰外,21其余位于37°、43°和
63°处的峰均归属于NiO.13对常规浸渍法制备的Ni/
SiO2催化剂, NiO 特征峰强度顺序为: Ni/SiO2-





















小不均, 粒径分布较宽, 范围从 5到 75 nm不等, 而
图1 两种SiO2气凝胶及其负载9% Ni/SiO2催化剂的
孔径分布
Fig.1 Pore size distribution of two kinds of SiO2
aerogels and their supported 9% Ni/SiO2 catalysts
(a) SiO2 aerogels; (b, c) SiO2 aerogel supported
catalysts with or without PVP
图2 9% Ni/SiO2催化剂的XRD谱图















12.5 nm)大小相近(图 3(b, e)),其粒径分布主要集中
在10−23 nm,未超出载体SiO2-BG的孔径分布范围
图3 9% Ni/SiO2催化剂的TEM照片和Ni粒径分布
Fig.3 TEM images of the 9% Ni/SiO2 catalysts and the distributions of Ni particle size
(a) Ni/SiO2-AG, (b) Ni/SiO2-BG, (c) Ni/SiO2-COM, (d) Ni/SiO2-AG-PVP, (e) Ni/SiO2-BG-PVP
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有所提高. 同时, 粒径分布统计也显示添加 PVP后
尺度较小的Ni颗粒比例有所增加, 粒径范围在 1−



















































COM反应 10 h后, 甲烷转化率分别降至~70%和






















响. 为此, 我们对载体 SiO2-AG、SiO2-BG进行了的










所取代, 形成 Si―O―Si(CH3)3, 表面亲水性羟基量
显著减少,进而形成疏水性气凝胶 SiO2-BG.由表 1







Fig.5 Performances of the 9% Ni/SiO2 catalysts for
POM reaction
图6 不同SiO2气凝胶的FT-IR谱图
Fig.6 FT-IR profiles of the different SiO2 aerogels
图7 9% Ni/SiO2催化剂在POM反应10 h前(a)
后(b)的XRD谱图
Fig.7 XRD patterns of the 9% Ni/SiO2 catalysts
before (a) and after (b) POM reaction for 10 h
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小而增大(见图 3、4),从而使其 POM反应稳定性表
现较差.





趋势 (虽减小幅度上 Ni/SiO2- BG- PVP远低于 Ni/
SiO2-AG-PVP), 且在载体上的分布均匀性、分散性
有所提高, 特别是 H2-TPR结果表明 (见图 4), Ni/
SiO2-AG-PVP 和 Ni/SiO2-BG- PVP 上仅出现位于
400 °C以上的NiO还原峰,未出现 400 °C以下的归
属于游离NiO的还原峰,即载体表面上均为与载体
间存相互作用的Ni物种. 金属−载体间的作用, 因
图8 POM反应10 h后9% Ni/SiO2催化剂TEM图和Ni粒径分布
Fig.8 TEM images of the 9% Ni/SiO2 catalysts and Ni particle size distributions after POM reaction for 10 h


























和Ni/SiO2-BG-PVP催化剂, 连续反应 10 h后, 金属
Ni的粒径未发生明显变化,也未出现明显迁移团聚
现象(图 8(d, e)),二者粒径平均值分别由初始的 4.0


















反应10 h后, Ni的TEM粒径仅由初始的 23.9 nm变
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